Objective MiR-499 has been reported to be expressed only in cardiomyocytes, and its expression would increase after acute myocardial infarction (AMI). miR-499 plays a role in the process of cardiomyocytes injury induced by hypoxia/reoxygenation (H/R), however, it still remains unclear. Results Hypoxia inhibited miR-499-5p expression and H/R induced apoptosis. SOX6 was a target gene of miR-499-5p, and high expression of miR-499-5p inhibited the expression of SOX6. MiR-499-5p reduced H9c2 cells injury by inhibiting the expression of SOX6, overexpression of which could reverse the effect of miR-499-5p on H9c2 cells. MiR-499-5p inhibited the levels of LDH and MDA, while overexpression of miR-499-5p inhibited H/R-induced cell apoptosis. MiR-499-5p could up-regulate the level of Bcl-2 and down-regulate the expression levels of Bax and caspase-3. However, SOX6 partially reversed these effects of miR-499-5p. Conclusion We proved that miR-499-5p inhibited H/R-induced cardiomyocytes injury by targeting SOX6. Our results suggested that miR-499-5p/SOX6 pathway may present a potential therapeutic target for the treatment of AMI.
Introduction
As a type of myocardial necrosis caused by acute continuous ischemia and hypoxia in coronary arteries, acute myocardial infarction (AMI) is characterized by an acute onset and a high mortality rate (Du et al. 2015) . Percutaneous coronary interention (PCI) and coronary artery bypass graft surgery (CABG) can recover blood supply in the myocardium. However, the injury of ischemic myocardial tissue will be aggravated in case that blood supply in myocardium is recovered, therefore causing myocardial ischemia reperfusion injury (Hernandez-Resendiz et al. 2018) . Myocardial cell injury could be caused by cell necrosis and apoptosis (Feng et al. 2016) . Hypoxia can damage the microenvironment homeostasis, leading to myocardial cell apoptosis and aggravating the condition of AMI (Zhang et al. 2017) . Therefore, an effective prevention of myocardial cell injury caused by hypoxia is the key to the treatment of AMI, and understanding the molecular mechanisms of AMI is critical to the development of new therapies.
MicroRNAs (miRNAs) are a group of non-coding, single-stranded RNA molecules with a length of 18-25 nucleotides encoded by endogenous genes, and miRNAs are widely found in eukaryotes . MiRNAs can regulate gene expression by binding to the 3 0 -untranslated region (3 0 UTR) of the target gene messenger RNA (mRNA) and downregulating mRNA translation or by promoting mRNA degradation at the post-transcriptional level (Zhu et al. 2016) . Studies have shown that miRNAs played crucial roles in the pathogenesis of a variety of cardiovascular diseases (Greco et al. 2014; Liang et al. 2018) . Apoptosis of cardiomyocytes is an important cellular event in AMI (Wang et al. 2016a) , and several studies found that some miRNAs had protective effects on the myocardial injury induced by hypoxia/ reoxygenation (H/R) (Huang et al. 2017; Ren et al. 2018; Wu et al. 2015) . However, the mechanism of such a protective function has not been fully elucidated.
Previous studies have confirmed that the expressions of miR-1/-133a/-499 in the serum of AMI patients were increased significantly (Wang et al. 2010) . MiR-499 was found to be expressed only in cardiomyocytes. Moreover, an increase of miR-499 expression was observed in AMI patients, whereas a reduction of this expression was found in normal hearts. (Agiannitopoulos et al. 2018; Zhang et al. 2015) . Xin et al. found that miR-499 could be used as a potential predictive biomarker for AMI (Xin et al. 2016) . MiR-499-5p, which is an evolutionarily and highly conserved specific microRNA, is highly expressed in ventricles. In addition, Wang et al. demonstrated that miR-499-5p could protect H 2 O 2 -induced cardiomyocytes (Wang et al. 2014a ). However, the role of miR-499-5p expression level in the process of myocardial cells H/R injury remains unclear. Lactate dehydrogenase (LDH) and malondialdehyde (MDA) are common markers of myocardial injury. LDH is a catalytic enzyme involved in the conversion of pyruvate and lactic acid with cytoplasm, and by detecting the leakage rate of cell culture medium LDH, the degree of cell injury can be therefore measured. MDA content can reflect the severity of cell lipid membrane damage caused by oxygen free radical attack.
SOX gene family is a type of transcription factor coding gene with a highly conserved HMG-box sequence. SOX gene family can be divided into 10 subgroups (A-J), and SOX6 is an important member of the SOX D subgroup (Bowles et al. 2000) . Previous studies have found that miR-499 could inhibit the apoptosis of P19CL6 cells by the regulation of SOX6 at the late stage of cardiac differentiation (Li et al. 2013) . It has also been found that miR-499 protected cardiomyocytes against LPS-induced apoptosis by targeting SOX6 and programmed cell death protein 4 (PDCD4) (Jia et al. 2016) . However, whether miR-499 protected cardiomyocytes against H/R-induced myocardial injury by regulating SOX6 remains unclear. Thus, in this study, we explored the role and mechanism of miR-499 in the myocardial cell injury induced by H/R.
Materials and methods

H9c2 cells culture
Rat H9c2 cells were obtained from the Cell Bank of Chinese Academy of Sciences (Shanghai, China). Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Invitrogen (Carlsbad, USA). H9c2 cells were cultured in DMEM medium containing 10% FBS at 37°C in an incubator (Thermo Fisher Scientific, Rockford, USA) with 5% CO 2 .
H/R injury model generation According to the experimental requirements, H9c2 cells were treated with H/R. The cells were induced by hypoxia in a modular incubator (Thermo Fisher Scientific, Rockford, USA) with 1% O 2 , 94% N 2 and 5% CO 2 for 6 h. Next, reoxygenation was performed for 3 h in a modular incubator (Thermo Fisher Scientific, Rockford, USA) with 5% CO 2 at 37°C. H9c2 cells under normoxia were treated as control in the study.
Cell groups
To explore the effect of H/R on H9c2 cells, the H9c2 cells were divided into control (normoxia) and H/R group (H/R induced), and the cells apoptosis were detected using flow cytometry. To study the effect of miR-499-5p on SOX6, the H9c2 cells were divided into 4 groups as follows: inhibitor group (transfected with miR-499-5p inhibitor), mimic group (transfected with miR-499-5p mimic), mock group (transfected with scrambled sequence) and control group. H9c2 cells were divided into 3 groups as follows: mimic ? SOX6 group (transfected with mimic and pcDNA3.1-SOX6), mimic ? negative control (NC) group (transfected with mimic and pcDNA3.1) and control group to help further explore the relation between miR-499-5p and SOX6. To explore the effects of miR-499-5p and SOX6 on hypoxia-induced myocardial cells, H9c2 cells were divided into 6 groups as follows: mimic ? NC ? hypoxic group (transfected with mimic and pcDNA3.1, hypoxic treatment for 6 h), mimic ? SOX6 ? hypoxic group (transfected with mimic and pcDNA3.1-SOX6, hypoxic treatment for 6 h), mimic ? hypoxia group (transfected with mimic and hypoxic treatment for 6 h), mock ? hypoxia group (transfected with scrambled sequence and hypoxic treatment for 6 h), hypoxia group (hypoxic treatment for 6 h) and control group.
Transfection
H9c2 cells were digested using trypsin (Gibco, Carlsbad, USA) and counted the day before transfection. The H9c2 cells were cultured to a density of 90% in an incubator with 95% O 2 and 5% CO 2 at 37°C the day of transfection. The mock, miR-499-5p mimic and inhibitor were obtained from GenePharma (Shanghai, China) and listed in Table 1 . MiRNAs were transfected into H9c2 cells by Lipofactamine 2000 (Invitrogen, Carlsbad, CA, USA) as previously described (Jia et al. 2016 ). The pcDNA3.1-SOX6 plasmid and vector were obtained from GenePharma (Shanghai, China), and empty pcDNA3.1 plasmid was used as negative control. H9c2 cells were incubated in an incubator with 5% CO 2 at 37°C. All transfections were performed before the formation of H/R-induced injury, and then cultured for 48 h, and the expression of miR-499-5p was determined.
Quantitative real-time polymerase chain reaction (RT-qPCR)
The mRNA expressions of miR-499-5p and SOX6 were detected by RT-qPCR. TRIzol kit (Invitrogen, Carlsbad, USA) was applied to extract the total RNA, and Nanodrop 2000 (Thermo Scientific, Wilmington, USA) was applied to detect the concentration and purity of RNA. PrimeScript RT kit (TaKaRa, Dalian, China) was applied to perform the reverse transcription of the miRNAs into cDNA. Reverse transcription reaction conditions were set at 37°C for 15 min and reverse transcriptase inactivation conditions were set at 85°C for 15 s. RT-qPCR was performed in ABI 7500 real-time RT-PCR system with the SYBR-Green Universal qPCR Master Mix (Applied Biosys-tems, Darmstadt, Germany). The reactions were conducted as follows: 95°C for 2 min, followed by 40 cycles of three-step (95°C for 15 s, 60°C for 15 s, 72°C for 20 s), 72°C for 7 min. The primers of miR-499, SOX6 and GAPDH were listed in Table 1 . GAPDH was the internal reference, and the expression level of U6 was the internal reference. The formula 2 -DDCt was applied to determine the mRNA expression. 
Cell apoptosis analysis
Flow cytometry was used to detect cell apoptosis. The annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (Bender Med System, CA) was used to determine apoptosis as previously described (Wu et al. 2015) . H9c2 cells were first digested with 0.25% trypsin and collected by centrifugation and then washed by cold phosphate buffer saline (PBS; Invitrogen, Carlsbad, USA) and finally centrifuged at 4°C (2009g, 10 min). H9c2 cells were resuspended in 200 lL binding buffer with 10 lL annexin-V-FITC and 5 lL propidium iodide and incubated in the dark for 30 min at room temperature, and 300 lL binding buffer was then added. Finally, the H9c2 cells apoptosis was detected using BD FACSCalibur flow cytometer, and data analysis was performed by the Cell Quest software (BD Biosciences). The early apoptotic cells were in the lower right quadrant, while advanced apoptotic cells were in the upper right quadrant. The percentage of apoptotic cells is the sum of the percentages of early apoptotic cells and advanced apoptotic cells.
Enzyme-linked immuno sorbent assay (ELISA)
The concentrations of LDH and MDA in the medium after hypoxia induction were determined using LDH Assay Kit (ab65393, Abcam) and MDA Assay Kit (ab238537, Abcam), respectively. The enzyme labeling reagent and a developer were added according to the operation instructions, and the reaction was terminated by adding one stop solution. Optical densities at 450 nm were determined by a microplate reader (Model 680, Bio-Rad, USA) and the concentrations were measured.
Western blot assays
The cells were dissolved in RIPA lysis buffer with 1% phenylmethylsulfonyl fluoride and centrifuged (12,0009g, 15 min) at 4°C. Pierce TM BCA protein assay kit (Thermo Fisher Scientific, Rockford, USA) was used to detect the protein concentration, and the SDS-PAGE was used to separate the proteins. Afterwards, the proteins were transferred onto a PVDF membrane and blocked with 5% fat-free milk at room temperature for 1 h. Next, the membrane was incubated with primary antibodies (anti-SOX6, ab30455, Abcam, 1:1000; anti-GAPDH, ab8245, Abcam, 1:1000; anti-Bcl-2, ab196495, Abcam, 1:1000; antiBax, ab53154, Abcam, 1:1000; anti-Cleaved-caspase 3, #9661, CST, 1:1000) at 4°C overnight and washed with TBST for three times (5 min/time) and then incubated with the horseradish peroxidase conjugated secondary antibody (goat anti-rabbit IgG; ab205718; Abcam, 1:1000) for 1 h at room temperature. Chemiluminescence detection was performed by chemiluminescence kit (Pierce Chemical, Rockford, USA).
Statistical analysis
The data were expressed as the mean ± standard deviation. Statistical analysis was conducted applying SPSS 19 (SPSS, Inc., Chicago, USA). The variances between different groups were analyzed by t test or one-way analysis of variance. p \ 0.05 was considered as a statistically significant difference.
Results
MiR-499-5p was down-regulated in hypoxiainduced H9c2 cells
In the study, the hypoxia time points were selected as 0, 1, 6, 24 h as previously described (Li et al. 2016) , and the mRNA expressions of miR-499-5p under different time points were determined by performing RT-qPCR. miR-499-5p expressions at 1, 6 and 24 h after the induction of hypoxia were lower than that without the induction of hypoxia (0 h), and the expression of miR-499-5p at 6 h was the lowest (Fig. 1a , p \ 0.01). Therefore, 6 h was selected as the hypoxia treatment time in subsequent experiments.
H/R induced H9c2 cells apoptosis
The selection of anoxia and reoxygenation time was determined referring to previous studies (Li et al. 2016; Zhang et al. 2014 ). Cells were induced by hypoxia for 6 h and reoxygenated for 3 h, and the apoptosis in control group and H/R group were detected by flow cytometry. The apoptosis rate of H/R group was higher than that of control group (Fig. 1b-d , p \ 0.01).
SOX6 was a target gene of miR-499-5p
Targetscan7.2 suggested that SOX6 was the target gene of miR-499-5p in H2c9 cells, and that the 3 0 -UTR of the SOX6 mRNA contained a binding site for miR-499-5p (Fig. 2a) . The miR-499-5p could decrease the luciferase activity of SOX6 3 0 UTR-WT reporter vector (Fig. 2b , p \ 0.01), while miR-499-5p had no effect on luciferase activity of SOX6 3 0 UTR-MUT reporter vector. The results confirmed that SOX6 was the target gene of miR-499-5p. In addition, we detected the expressions of miR-499-5p in control, mock, mimic and inhibitor group, and data showed no significant difference in miR-499-5p expression between the control and the mock group, however, it was noted that the mRNA expression of miR-499-5p was increased in mimic group and was decreased in inhibitor group (Fig. 2c , p \ 0.01), suggesting that miR-499-5p was successfully transfected into H2c9 cells.
MiR-499-5p down-regulated SOX6 expression
The miR-499-5p overexpression inhibited the SOX6 mRNA and protein expressions, and low expression of miR-499-5p promoted the expression of SOX6 (Fig. 2d-f , p \ 0.01). The mRNA and protein expressions of SOX6 in mimic ? SOX6 group were increased, compared with mimic ? NC group (Fig. 3a-c , p \ 0.01).
SOX6 could partially reverse the inhibitory effect of miR-499-5p on LDH and MDA
To detect the effect of miR-499-5p on H9c2 cells injury, the levels of LDH and MDA in each group were determined by ELISA. LDH and MDA levels were upregulated by hypoxia. The levels of LDH and MDA in mimic ? hypoxia group were decreased, compared with those in hypoxia group (Fig. 3d , e, p \ 0.05), indicating that miR-499-5p inhibited the LDH and MDA levels and reduced H9c2 cell injury. However, LDH and MDA levels in mimic ? SOX6 ? hypoxia group were increased, compared with those in mimic ? hypoxia group (Fig. 3d , e, p \ 0.05), indicating that SOX6 partially reversed the inhibitory effect of miR-499-5p on LDH and MDA.
SOX6 was involved in myocardial cell apoptosis induced by H/R mediation
After 6 h of hypoxia induction, the apoptosis rate in each group (control, hypoxia, mock ? hypoxia, mimic ? hypoxia, mimic ? SOX6 ? hypoxia, mimic ? NC ? hypoxia) was detected by flow cytometer. The H9c2 cells apoptosis was increased in hypoxia group, and the apoptosis rate of cells in the mimic ? hypoxia group was decreased, compared with the hypoxia group, and apoptotic cells in mimic ? SOX6 ? hypoxia group was significantly more than those in mimic ? hypoxia group (Fig. 4a,  b , p \ 0.01). Hypoxia could down-regulate the protein level of Bcl-2 and up-regulate the protein levels of Bax control, mock, mimic and inhibitor group were detected by RTqPCR. (E, F) The SOX6 protein levels in control, mock, mimic and inhibitor group were determined by western blot. GAPDH was as an internal reference. ** P\0.01 vs. control,^^P\0.01 vs. mock and caspase-3. The result showed that miR-499-5p upregulated the protein level of Bcl-2 and downregulated the protein levels of Bax and caspase-3. In comparison with mimic ? hypoxia group, Bcl-2 level of mimic ? SOX6 ? hypoxia group was down-regulated, while the protein levels of caspase-3 and Bax in mimic ? SOX6 ? hypoxia group were up-regulated (Fig. 4c-f , all p \ 0.01). This indicated that miR-499-5p could inhibit the H9c2 cell apoptosis rate, and SOX6 could partially reverse the inhibitory effect of miR-499-5p.
Discussion
AMI is one of the most frequent clinical emergencies. Cardiomyocyte apoptosis, which plays an important role in AMI, occurs in myocardial tissue after ischemia/reperfusion injury. Studies have reported that miRNAs participated in the regulation of myocardial apoptosis (Liu et al. 2017; Zhang et al. 2014) . In the present study, we revealed that miR-499-5p inhibited H/R-induced cardiomyocytes injury by targeting SOX6, which could partially reverse the protective effect of miR-499-5p on cardiomyocytes. These results indicated that miR-499-5p/SOX6 could be a potential therapeutic target of AMI and could promote the development of novel targeted therapies. It was reported that changes occurred to miR-499 expression in myocardial tissue or cells under the stimulation of ischemia, hypoxia or oxidative stress (Matkovich et al. 2012; Shieh et al. 2011; Wang et al. 2014a ). Cheng et al. reported that miR-449a could protect H9c2 cardiomyocyte against H/R-induced injury via targeting Notch-1 signaling pathway (Cheng et al. 2018 ). MiR-499-5p is a member of myosinencoded miRNAs (Olivieri et al. 2013) , and that it could be differentially regulated and functioned during the development of the heart (Sluijter et al. 2010 ).
Here, we explored the role of miR-499-5p in H/R induced-injury in cardiomyocytes and its molecular mechanism. In our study, the result showed that hypoxia inhibited miR-499-5p expression, which was consistent with the results of Li et al. (Li et al. 2016 ). In addition, we found that the apoptosis induced by H/R was remarkably increased, suggesting that H/R induced cardiomyocytes apoptosis.
MiRNA could regulate multiple target genes to exert their biological functions. Previous studies have found that miR-499-5p attenuated mitochondrial Fig. 4 MiR-499-5p overexpression played an anti-apoptosis role. a, b Apoptosis was detected in control, hypoxia, mock ? hypoxia, mimic ? hypoxia, mimic ? SOX6 ? hypoxia and mimic ? NC ? hypoxia group by flow cytometry. (C-F) The levels of Bcl-2, Bax and caspase-3 were determined in control, hypoxia, mock ? hypoxia, mimic ? hypoxia, mimic ? SOX6 ? hypoxia and mimic ? NC ? hypoxia group by western blot. GAPDH was as an internal reference. (Wan et al. 2018 ). In addition, it has been reported that the target genes of miR-499-5p in the anti-apoptosis process of myocardial cells may be PDCD4, calcineurin (CaN) and promoter protein-related protein-1 (Drp-1) (Chua et al. 2016; Jia et al. 2016; Wang et al. 2011 ). SOX6 plays a crucial role in cell and organ development (Kawasaki et al. 2015; Panman et al. 2014) . Studies have confirmed that miR-499-5p induced the up-regulation of type-I fiber number by inhibiting SOX6 (van Rooij et al. 2009 ). and SOX6 expressions were negatively correlated, and that miR-499-5p could regulate porcine myofiber specification by regulating SOX6 expression (Wang et al. 2017 ). These studies indicated that miR-499-5p exerted its biological function by regulating SOX6. In the present study, we confirmed that SOX6 was a target gene of miR-499-5p, and that miR-499-5p inhibited H/R-induced apoptosis of H9c2 cells by regulating SOX6. Zhu et al. demonstrated that miR-16 could inhibit cell apoptosis by regulating RECK and SOX6 (Zhu et al. 2014 ). These studies suggested that miRNA could protect cardiomyocytes by down-regulating SOX6 expression. In addition, several studies have found that miRNA promoted the proliferation, migration and invasion of cancer cells and inhibited apoptosis by targeting SOX6 (Li and Wang 2018; Jin et al. 2018) .
It has been found that the levels of LDH and MDA were increased in the damaged myocardium (Jiang et al. 2018; Wu et al. 2016) . LDH, which exists in almost all tissues, is the most abundant content in the heart and kidney. Parhamifar et al. believed that LDH release was an early event of cell necrosis and a late event of apoptosis (Parhamifar et al. 2013) . Researchers also showed that the level of MDA was increased in H/R-induced myocardial injury ). In our investigation, after hypoxia induction, the protein expressions of LDH and MDA were up-regulation, while the LDH and MDA levels were inhibited by up-regulating miR-499-5p, and such inhibitory effects could be reversed by SOX6. These results suggested that miR-499-5p could prevent myocardial H/R injury by reducing cell necrosis through inhibiting SOX6 expression.
To further explore the mechanism of miR-499-5p in H/R-induced H9c2 cells, the levels of related apoptotic proteins were determined by western blot. Bcl-2, Bax and caspase-3 are key regulators of apoptosis, and apoptosis mediated by the dysregulation of such three genes underlies a plethora of diseases (Fong et al. 2017; Mitupatum et al. 2016) . Bcl-2 and Bax are important genes in Bcl-2 gene family, and Bcl-2 inhibits apoptosis, while Bax promotes apoptosis. Caspase-3, which is one of the members of the interleukin-1-beta invertase (ICE) family, is a main executive caspase in apoptosis and a common downstream effector of multiple apoptotic pathways (Odonkor and Achilefu 2009 ). In our study, high expression of miR-499-5p up-regulated Bcl-2 expression and down-regulated Bax and caspase-3 expressions under hypoxia, while SOX6 partially reversed the inhibitory effect of miR-499-5p on cell apoptosis, indicating that miR-499-5p inhibited cell apoptosis by regulating the expression of SOX6. It has been found that the regulation of Bax and Bcl-2 on apoptosis is not only affected by their expressions, but also by Bcl-2/ Bax ratio (Wang et al. 2014b ). MiR-499-5p may play an anti-apoptosis role by regulating the proportion of Bcl-2 and Bax protein expressions in cells. In addition, the Bcl-2 can form heterodimer with Bax and inhibit the activation of downstream caspase-9 and its effector protein caspase-3 by blocking the release of cytochrome c, thus effectively inhibiting the occurrence of apoptosis (Xu et al. 2016 ). Jia et al. found that miR-499 protected cardiomyocytes apoptosis induced by LPS via regulating the SOX6/PDCD4-BCL-2 signaling pathway (Jia et al. 2016) . One study showed that high expression of miR-142-3p could promote the expression of Bcl-2 and inhibit the expression of caspase-3 (Wang et al. 2016b ).
The present study presents some limitations, for example, the morphological change of apoptosis was not investigated. Furthermore, this study was performed in vitro, therefore, further in vivo experiments are required to confirm the present observations.
In conclusion, we demonstrated that miR-499-5p suppressed H/R-induced apoptosis of cardiomyocytes by targeting SOX6 expression, suggesting that miR-499-5p/SOX6 pathway may have a potential therapeutic target for the treatment of AMI.
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